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ABSTRACT

The stress distribution around an indent is calculated with the help of different analytical elastic solutions
— stress fields of Hill, Boussinesq, Mindlin are presented. These stress fields are compared by calculating
the shape and dimensions of the plastically deformed region. From it follows that although is the spherical
symmetric Hill field quite simple, it describes correctly the plastic zone around Vickers indents in {001}
GaAs crystals. Alternatively to the analytical elastic solutions, the stress field is calculated numerically with
use of the finite element method. The results are in agreement with electron microscope observations and

confirm the suitability of the spherical stress field.
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1 INTRODUCTION

As mentioned in /1/, instrumented indentation has been the subject of rapidly expanding scientific activity
and has many possible applications. Indentation at the nanoscopic, microscopic and macroscopic size scales
may be used to estimate mechanical characteristics of materials, such as Young’s modulus, yield strength,

strain hardening exponent and hardness. By the appropriate choice of the indenter shape (i.e. spherical,

‘Present address: Aeronautical Research and Test Institute, Beranovych 130, 199 05 Prague — Let;llany,
Czech Republic

zCorresponding author: tel +33-5622-57885; fax +33-5622-57999; E-mail address:
Guy.Vanderschaeve@cemes.fr

137



Vol 17, No. 2, 2006 Indentation Tests on GaAs: Modelling of the Plastic Zone

conical, Vickers, Berkovich and others), size and applied indentation load, instrumented indentation can be
used to probe the properties of surface layers as well as bulk structural materials employed in a broad range
of applications. Advances in instrumentation have facilitated very accurate experimental measurements of
indentation load as a function of depth of penetration, and computational models for indentation have been
reported in recent years /1,2,3,4/.

The dislocation distribution around indents on {001} orientated semiconductors with sphalerite structure
has been the subject of a number of investigations /5,6,7,8,9,10/. We will briefly describe the results of
observations of /8,9/. To obtain a complex picture of dislocation motion around indentations, the stress field
produced by the indenter should be determined. Two approaches are presented. Different elastic solutions
expressed in the analytical form are used for calculation of the shape and dimensions of the plastically
deformed region. We compare and discuss the obtained results. Another conception is the simulation by

finite element method. The plastic zone is then simulated with aid of the Von Mises yielding criterion.

2 DESCRIPTION OF THE EXPERIMENTAL RESULTS

The material studied in /9/ is a n-type GaAs single crystal with carrier concentration of 10" to 10'? cm™
and a dislocation density of 10* to 10> cm™, grown by the liquid encapsulated Czochralski method. Vickers
indentations are achieved at room temperature on the (001) surfaces, the indenter diagonals being parallel to
(110) directions. The applied load ranges from 0.049 N to 0.98 N and the dwell time is 15 s /11/. Figure 1
shows the plastic zone around an indent as observed by High Voltage Transmission Electron Microscopy
(HVTEM).

In agreement with the predictions of /6/ it consists of:

1. perfect dislocations with Burgers vectors inclined to the surface, which have moved into the crystal on

{111} planes which converge beneath the indenter;

2. perfect dislocations with Burgers vectors inclined to the surface which have moved into the crystal on

{111} planes which diverge from the indenter;

3. perfect dislocations with Burgers vectors parallel to the surface, which have moved primarily parallel to
the surface and outward from the indenter in both (110) directions to form rosettes. In addition,
microtwins are observed only in the [110] rosette arm; they are nucleated on — or very close to — the

indented surface.
The highly strained region around the impression results from the glide of dislocations with Burgers

vector inclined to the surface on the converging and diverging glide systems. On the edges of this zone,

dislocations are very straight along the (100} directions which are the projections of inclined (110} directions.
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Fig. 1: High Voltage (1IMV) TEM image of the plastic zone around an indent performed on GaAs. Bright
field micrograph, magnification 7500. The indentation point is marked by cross. T — rosette perfect
dislocations, M — microtwins, D — dislocations in the diverging slip planes. Courtesy according to
19/

3 STRESS FIELD MODELING AROUND THE INDENTER

In this section, we summarize four analytical expressions for the elastic stress field which could be
suitable for the plastic zone modelling. Presented criterion for the single slip allows to calculate the plastic

zone extension and thus determine which result agrees with the experimental observations.

3.1 Analytical expressions for the stress distribution

The stress tensor components are expressed in the spherical coordinates (r,0,0) except the field of Mindlin
for which the cartesian coordinates are used.

The first described kind of analysis is based upon the spherical shell expansion, problem which was
solved by Hill /12 /. When a spherical shell with yield strength Y is expanded by inner pressure, and a part of
the shell with a radius r, is deformed plastically, the stress components &, and g in the elastic region are

written as follows:
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where r, denotes the outer radius of the shell.
When the spherical expansion model is applied to the case of indentation of an infinite body, the outer

radius r, can be taken as infinitely large and the last terms in equations (1), (2) can be neglected. We obtain

2Yr§
- (rp <7 K 15), 3)

o= T3

Yr3
5 = (el = Ef (rp < T K1) )

By virtue of the symmetry, the state of stress is everywhere a hydrostatic pressure (Ggg Geg Gog) SuUperposed

on a uniaxial compression (c,, - g9, 0, 0).
Another stress distribution is deduced from Boussinesq /13/. Given a point load P on the flat surface of a

semi-infinite half-space, the elastic field is derived as /14 /.

O = 2;2 [1-2v-2(2-v)cosv|, ®)
O99 = 271:;2 . Iiyc)ocso; & ©
0 b —P%;:%,—) [cosz? - H—ﬁ] - @)
o = 1 - 2vsin¥ cos ¥
27?2 1+ cos?’ (8)

with v the Poisson’s ratio of the indented material. This is the dominant field of a loaded indenter as r

increases. There are two regions of positive tensile stress visible in equations (5)—(8). One is o, in the surface
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(6=n/2) which may lead to a ring crack, the other is Gas = G, on the axis (6=0) where median cracks appear
/14/. Note that unlike the Hill stress field the stress tensor contains non diagonal terms. This is also the case
for the other stress fields investigated.

Another stress field is of the “blister” type, as described in /14/. The deformed zone beneath the indenter
has changed shape and volume, yet is still attached to the elastic half-space. It is therefore equivalent, at a
little distance, to a transformed surface inclusion, causing local stresses proportional to 1/7* of the “blister”
type, a nucleus of strain situated on a free surface. The field is made by combining a symmetrical centre of
pressure with a double force in the z direction /14/. This is equivalent to two outward double forces in the
surface plane and an inward double force of equal magnitude normal to it, a combination leaving the surface

z=0 free of stress. The stress components are /14/:

Opr = %4[(5 —v)cos?d — (2 - )], ®
Op9 = —g 2(1 — 2v) cos® ¥, (10)
Opp = ?;2(1 — 2v)(2 — cos® ¥), (11)
Oy = % 4(1 + v) sin 9 cos 9. (12)

The strength of the field is measured by the constant B. The stresses decrease as 1/r* and therefore
contribute nothing at large distances. This stress field is thus a local one, similar to the field of a prismatic
dislocation loop. The simple centre of compression is equally localized, and for this reason should not be
used to represent the outer elastic field of an indentation. The yielded zone beneath the indenter is assumed to
reach the uniform state (the indenter load P is spread as a uniform pressure p=P/A., where A, is the indenter’s
contact area, and the containing pressure normal to this is such that the elastic strain energy density is
minimized) and therefore shows no tendency to crack under load.

The last analytical indentation stress field determination is that of Mindlin /15/. A semi-infinite elastic
homogeneous solid is considered to be bounded by the plane z=0, the positive z axis penetrating into the
body. For a point force P applied at point (0,0,0) and acting in the positive z direction, the stress at point
(x.y,2) inside the semi-infinite body has the following components:
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Here, ’=x+y’+z. The stress field varies as 1/r* as the other presented analytical elastic solutions except the
blister field.

3.2 Comparison of analytical stress fields

We compare the above mentioned different stress fields by means of computed shape of plastically
deformed region around the indent. Our method is based on the fact that in a single crystal slip generally
occurs when the resolved shear stress reaches some critical value called critical resolved shear stress (CRSS)

denoted t.. The criterion for slip can be written as

F= a,»jbjni Z ch, 7

where F is the glide component of the Peach—Koehler force determining the acting of the external stress field
with components a;; on dislocation segment with a unit length, n, are components of the unit vector normal to
the slip plane, b, components of its Burgers vector. For a given stress field and dislocation segment equation
(17) yields the distance r_ at which the resolved shear stress reaches the value of CRSS. We assume that this

distance bounds the plastically deformed region.
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To compare the shape and dimensions of the plastic zone obtained by means of different stress fields, we
take into account the glide plane with normal n =[111] and there perfect dislocations with Burgers vectors

l? =1/2[1i0], representing the rosette dislocations. This choice is justified by the fact that the calculated shape
of the plastic zone is directly comparable with the observed one. However, the calculation can proceed with
arbitrary glide system and its perfect or partial dislocations, only the comparison with the observation is not
so straightforward.

Parameters used in the calculations are resumed in Table 1. The strength of the blister field B is estimated
as B=0.05pa’, with the pressure p=P/A;=5250 MPa /11/, and a=2.1 pm is the radius of the zone under
indenter which we suppose to delimit the nucleus of blister strain. The value of the constant B hangs together
with character of observed cracks and a detailed analysis can be found in /14/.

Note that all graphs show the absolute value of the computed radius r. for different cases. The
particularity of the Mindlin’s stress field (13)~(16) is that it realistiéally describes the unstressed surface of
the sample. To obtain the surface contour, the limit of r for angle tending to n/2 is used.

Table 1
Parameters used in the calculation of the dimensions and shape of the plastic zone obtained by indentation

of GaAs single crystals /11/.

Poisson’s ratio v=1/3

CRSS /16/ 1,=800 MPa
yield strength /16/ Y=1700 MPa
radius of plastically deformed zone /11/ v p=5 i
indentation load /11/ P=0.049 N

B (blister field, estimated) B=2.6.10" Nm

Figure 2 presents the shapes of the plastic zone on the indented surface calculated with above presented

stress tensors for the slip system 1/2 [1-10] (111) forming rosettes.
The spatial extension of the plastic zone obtained for this system with the Hill’s stress field is shown in

Figure 3. We will discuss the results in section 4.

3.3 Elastic indentation stress field determined by the finite element method

Alternatively to the different analytical solutions, the stress field distribution around an indent can be
calculated numerically. We used the finite element system ABAQUS/Explicit. The plastic zone is then

determined with help of the Von Mises yield criterion.
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Fig. 2: Calculated shapes of the plastic zone on the indented surface for the slip system 1/2

[1.10](1 11). The largest zone is that of Hill (dash-dotted line) followed by blister field (dashed line),
Boussinesq (solid line) and Mindlin (points) stress tensors lead to the same result. Dimensions are in

micrometers.

Fig. 3: Extension of the plastic zone calculated with the Hill’s stress field for the slip system 1/2[1-10](1 11).

Dimensions are in micrometers.

Because of the symmetry of the Vickers indenter only 1/4 of the indented sample is considered. The
dimensions of the finite element part and the experimental sample are the same to enable a direct comparison
of calculated and experimental results. The segment corresponding to the indenter pressed into the surface is

removed, the calculation conditions thus represent the phase before removing of the indenter from the

144



R. Lohonka, G. Vanderschaeve, and J. Kratochvil Journal of the Mechanical Behavior of Materials

sample. The penetration depth of the Vickers pyramid is determined from the dimensions of obtained
indenter imprint considering that there was no back response of the material after the indenter removing, i.e.
rigidity of the sample after penetration of the indenter is supposed.

The material behaviour of the sample was chosen to be elastic and anisotropic with elastic moduli
presented in Table 2.

The FEM mesh consists of 4-node linear tetrahedra and 8-node linear bricks. In the boundary conditions
the applied force and its contact surface is defined, lateral sides are fixed. Figure 4 shows the obtained Von
Mises stress distribution with the maximal value corresponding to the elasticity limit of the material.

It can be concluded that dislocations will preferentially nucleate close to the edges of indenter in the

volume of crystal. Also the directions of the rosette arms extensions are in agreement with observations.

Table 2
GaAs material parameters used in the FEM calculation of the dimensions and shape of the indentation

induced plastic zone.

elastic moduli C, .=l l.81><lO10 Pa

11
_ 10
C,,=5:32x10"" Pa
_ 10
C,4=5:92x10"" Pa

3

GaAs density =5317 kgm_

pGaAs

S, Mimee

Fig. 4: Von Mises stress calculated with ABAQUS/Explicit. Stress in MPa. The highest stress value

corresponds to the compression yield stress.
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4 DISCUSSION OF THE RESULTS

We analyze the obtained results (Figures 2, 3, 4) with respect to the observed situation (Figure 1) and
conclude which expression for the stress tensor seems us the best.

All calculated shapes of the plastic zone on the indented surface are similar, two of them (that of
Boussinesq and Mindlin) even the same. The dimensions of the plastic zone corresponds in the case of Hill’s
stress tensor to the observed extension, the length of the arms at the surface equals to 4.4 um. This agreement
is due to the term rp=5 um which introduces directly the experimental dimensions of the plastic part into the
stress tensor. Such a term is not present in the other stress field expressions, however in the case of the
Boussinesq and Mindlin field it is possible to correct the dimensions of the plastic zone by introduction of the
strength factor as is B in the blister stress tensor.

When the position of the indenter is sketched, as done in Figure 5, it is seen that the force acting on the
rosette system equals to zero along the indenter’s diagonals. However, the concentration of the stress is
elevated enough for crack nucleation. The extension of the plastic zone results from the combination of
dislocation nucleation in the vicinity of indenter and their propagation in the glide planes. Dislocations are
not observed in the place of maximal calculated stresses on the x and y axis because the corresponding
potential nucleation locality is too far from the indenter: indeed dislocations are gliding on {111} planes
whose traces on the (001) surface are along (110) directions. However it is troublesome to predict such a

complex dynamic process by virtue of the elastic stress distribution.

s

Fig. 5: Calculated extension of the rosettes on the surface with the stress field of Hill. The indenter position
and the observed directions of rosette perfect dislocations are sketched. Dimensions are in

micrometers.
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From the spatial Hill’s stress distribution (Figure 3) it can be concluded that the maximal extension of the

dislocations can be expected in the volume of the crystal at about 1 pm under the indented surface. This is

seen for the parts along the [0-10] and [-100] directions. This is consistent with TEM observations: indeed the
elongated hairpin shape of rosette dislocations strongly suggests that they are formed deeply in the crystal /9/.

The extension of the two other parts is maximal at the surface, the part in the crystal is shallower. This
asymmetry is due to the glide system (111) considered. In the upper halfspace delimited by the axis [110], i.e.

the parts along the [OiO] and [-100] directions, the plane (111) is converging under the indenter, whereas for
the parts along [100] and [010] directions the plane (111) is diverging. The penetration of the plastic zone
into the sample is limited. This is not so in the case of the Boussinesq’s and Mindlin’s tensors, where the
plastic zone goes very deep into the crystal because of the term 1/(1+cos8) causing singularity for 6=n. The
elevated values of stress along the z-axis do not necessarily involve the presence of dislocations which
nucleate in the vicinity of indenter. Their propagation on converging planes leads to formation of locks. The
depth reached by dislocations gliding into the crystal is thus limited. Another possibility is the dislocation
nucleation in the bulk but the stresses are not high enough to induce such a process.

From the numerical calculations it follows that the most important stress concentrations are near the edges
of the indentor, under the surface. The distribution of the Von Mises stress hints the extension of the plastic
zone which is comparable to the results obtained by use of the different analytical stress fields and the
criterion (17). The direct comparison of the calculations with experiments is possible in the case of rosette
dislocations where the propagation directions are clearly seen. Nevertheless, from the calculated stress

distribution dislocation glide under the indenter can be reasoned as well.

5 CONCLUSION

Four different analytical expressions that seemed suitable as a model of the stress field around the Vickers
indenter were introduced. The comparison is based on the calculation of the shape and dimensions of the
plastic zone defined by equation (17). Since the results obtained for rosettes with each stress tensor are
similar, it is concluded that even the simple and from the calculation point of view unpretending spherical
Hill stress field approaches the experimentally obtained result quite well. Note that Yoshioka in his
investigation of indented Si single crystals /17/ also concluded that the stress distribution could be considered
as nearly spherical, although the plastic zone is far from it.

Finite element calculation of the stress field around Vickers indent confirms the results obtained with the
analytical expressions for the stress tensor. The plastic zone extension is consistent with the HVTEM
observations. They estimate well the result of complicated processes involving dislocations only working

with the stress and geometry of the slip systems.
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